Abstract Bovine mastitis results in billion dollar losses annually in the USA alone. Streptococci are among the most relevant causative agents of this disease. Conventional antibiotic therapy is often unsuccessful and contributes to development of antibiotic resistance. Bacteriophage endolysins represent a new class of antimicrobials against these bacteria. In this work, we characterized the endolysins (lysins) of the streptococcal phages λSA2 and B30 and evaluated their potential as anti-mastitis agents. When tested in vitro against live streptococci, both enzymes exhibited near-optimum lytic activities at ionic strengths, pH, and Ca 2+ concentrations consistent with cow milk. When tested in combination in a checkerboard assay, the lysins were found to exhibit strong synergy. The λSA2 lysin displayed high activity in milk against Streptococcus dysgalactiae (reduction of CFU/ml by 3.5 log units at 100 μg/ml), Streptococcus agalactiae (2 log), and Streptococcus uberis (4 log), whereas the B30 lysin was less effective. In a mouse model of bovine mastitis, both enzymes significantly reduced intramammary concentrations of all three streptococcal species (except for B30 vs. S. dysgalactiae), and the effects on mammary gland wet weights and TNFα concentrations were consistent with these findings. Unexpectedly, the synergistic effect determined for the two enzymes in vitro was not observed in the mouse model. Overall, our results illustrate the potential of endolysins for treatment of Streptococcus-induced bovine mastitis.
Introduction
Bovine mastitis is an infection of the mammary gland that results in annual losses of up to $2 billion in the USA alone, making it the most costly disease in the dairy industry (Kerr et al. 2001; Sordillo and Streicher 2002; Yancey 1999) . Besides staphylococci (Staphylococcus aureus and coagulasenegative Staphylococcus), which are the most prevalent mastitis-causing pathogens, also streptococci play an important role as causative agents of this disease, with the species Streptococcus agalactiae (group B Streptococcus, GBS), S. dysgalactiae (group C Streptococcus, GCS), and Streptococcus uberis being most relevant (Lammers et al. 2001; Tenhagen et al. 2006; Wilson et al. 1997) . While S. agalactiae is a contagious agent mainly transmitted from cow to cow through the milking process, S. uberis is an environmental pathogen, and S. dysgalactiae shows both routes of transmission (Calvinho et al. 1998; Leigh 1999) . To date, the conventional method of treatment for bovine mastitis is the use of antibiotics (usually administered through intramammary infusion (Gehring and Smith 2006; Gruet et al. 2001) ), which is often less than 50 % effective and leads to premature culling in many cases (Cattell et al. 2001; Deluyker et al. 2005) . Furthermore, the use of broad-range antibiotics can contribute to development and spread of resistance in both mastitis pathogens and nonrelated commensal bacteria. For these reasons, there is high interest in alternative methods for treatment of mastitis that are more pathogen-specific and refractory to resistant strain formation.
Bacteriophage endolysins (peptidoglycan hydrolases, PGH) have been suggested as promising alternatives to antibiotics for treatment of bacterial infections (Donovan 2007; Fischetti 2005; Schmelcher et al. 2012a; Walsh 2003) . These enzymes are used by bacteriophages to lyse infected host cells at the end of the lytic multiplication cycle, resulting in liberation of progeny virions. They access the cell wall from within and degrade the peptidoglycan (PG) by cleavage of specific bonds. In the case of Gram-positive bacteria, which lack an outer membrane, endolysins are also able to lyse the cells when added externally, making them potential antimicrobials against Gram-positive pathogens. Endolysins usually exhibit specificity at least at the genus level (Schmelcher et al. 2012a) , and development of bacterial resistance is believed unlikely because (i) phage and host have co-evolved (Fischetti 2005) ; (ii) endolysins target highly conserved bonds of the PG (Schleifer and Kandler 1972; Schmelcher et al. 2012a) ; and (iii) using an externally applied agent acting on the cell envelope avoids intracellular resistance mechanisms (e.g., modification of agent) ). To date, no endolysinresistant strains have been reported, despite repeated efforts to identify or generate them (Fischetti 2005; Gilmer et al. 2013; Loeffler et al. 2001; Pastagia et al. 2011; Schuch et al. 2002) . Endolysins from a Gram-positive background show a modular architecture, consisting of (i) cell wall binding domains (CBD), which specifically direct the enzymes to their substrate in the cell wall, and (ii) enzymatically active domains (EAD), which catalyze specific bond cleavage (Borysowski et al. 2006; Fischetti 2005; Hermoso et al. 2007; Schmelcher et al. 2012a) . Previous studies have shown that two PGHs cleaving different PG bonds may act synergistically against target bacteria when used in combination, yielding increased treatment efficacy and further reducing the chance of resistance development (Becker et al. 2008; Loeffler and Fischetti 2003; Schmelcher et al. 2012b) . The endolysins of the streptococcal bacteriophages λSA2 (Pritchard et al. 2007 ) and B30 (Pritchard et al. 2004 ) each consist of two different EADs in addition to either one or two CBDs. The λSA2 lysin features an N-terminal endopeptidase domain, which cleaves the bond between the D-glutamine and the L-lysine of the streptococcal PG stem peptide, and a C-terminal N-acetylglucosaminidase domain, which cleaves within the sugar backbone of the PG (Pritchard et al. 2007 ). The EADs are separated by a midprotein region harboring two Cpl-7 CBDs (Garcia et al. 1990; Lopez and Garcia 2004) . The B30 lysin consists of an N-terminal CHAP endopeptidase (Bateman and Rawlings 2003) cleaving the D-Ala-L-Ala bond between the stem peptide and the interpeptide bridge, a glycosidase (putative Nacetylmuramidase) domain in the center of the protein cutting the sugar backbone (Pritchard et al. 2004) , and a C-terminal SH3b CBD (Donovan et al. 2006b; Ponting et al. 1999; Whisstock and Lesk 1999) .
When evaluating PGHs for use in the treatment of bovine mastitis by intramammary infusion, it is important that these enzymes maintain their lytic activity in a milk environment. However, ex vivo experiments in cow milk alone inadequately mimic the complex situation within a cow's udder, and studies in cows are often prohibitive due to the high costs associated. The mouse model of bovine mastitis was introduced in the 1970s as a relatively inexpensive alternative (Brouillette and Malouin 2005; Chandler 1970a; Notebaert and Meyer 2006) , and numerous studies have used this model since for exploring the effect of various antimicrobials (Anderson and Craven 1984; Bramley and Foster 1990; Brouillette et al. 2004; Chandler 1971; Diarra et al. 2003; Sanchez et al. 1994) .
Our lab recently reported activity of chimeric endolysins consisting of the λSA2 endopeptidase domain and Staphylococcus-specific SH3b CBDs against mastitiscausing S. aureus ex vivo in cow milk and in a mouse model of bovine mastitis, in synergy with the bacteriocin lysostaphin (Schmelcher et al. 2012b) . Building on this work, here we evaluated the potential of the λSA2 and B30 endolysins as therapeutics for treatment of Streptococcus-induced bovine mastitis. To this end, we biochemically characterized the two endolysins, demonstrated synergistic antimicrobial activity in vitro, determined their activity ex vivo in whole cow milk, and evaluated their efficacy in a mouse model of bovine mastitis against three streptococcal species.
Materials and methods

Plasmids and strains
The λSA2 and B30 coding sequences in pET21a (EMD Biosciences, San Diego, CA) were obtained as gifts from David Pritchard (University of Alabama, Birmingham, AL) (Pritchard et al. 2004 (Pritchard et al. , 2007 . These inducible plasmid constructs introduce 6×His-tags at the C-termini of the proteins to facilitate purification. Protein expression was performed in E. coli BL21 (DE3) (Invitrogen, Carlsbad, CA), which was cultured in modified Luria-Bertani medium (Schmelcher et al. 2010 ) (mLB; 15 g/l Tryptone, 8 g/l yeast extract, 5 g/l NaCl), supplemented with 150 μg/ml ampicillin for plasmid selection.
The three strains Streptococcus dysgalactiae NRRL B-65273, S. agalactiae NRRL B-65272, and S. uberis NRRL B-65274 used in this study are mastitis isolates originally obtained from M. Paape (USDA, Beltsville, MD). They were grown in Tryptic soy broth (TSB; BD, Sparks, MD) at 37°C.
Protein expression and purification
Protein expression in E. coli and purification of 6× His-tagged recombinant proteins was carried out essentially as described earlier , with the following modifications. Cells harvested from IPTG (1 mM)-induced cultures were resuspended in lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, 30 % glycerol, pH 8.0) and disrupted by sonication prior to purification of proteins from the centrifugation-cleared lysate by nickel affinity chromatography using Nickel-NTA Superflow resin packed into empty polypropylene columns (QIAGEN, Valencia, CA). The matrix was washed with 20 mL lysis buffer and 10 mL wash buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole, 30 % glycerol, pH 8.0). Target proteins were eluted with elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole, 30 % glycerol, pH 8.0), the buffer was exchanged to storage buffer (20 mM NaH 2 PO 4 , 120 mM NaCl, 30 % glycerol, pH 7.5) using 5 ml ZEBA desalting columns (Thermo Fisher Scientific, Rockford, IL). When proteins were prepared for in vivo experiments, buffers as indicated above with 1 % instead of 30 % glycerol were used, and 0.1 % Triton X-114 was included in the lysis buffer for removal of endotoxins as previously described (Reichelt et al. 2006; Schmelcher et al. 2012b) . Proteins were dialyzed against 50 mM NaH 2 PO 4 , 150 mM NaCl, 1 % glycerol, pH 7.5 instead of using ZEBA columns. All samples were filter sterilized (0.22 μm) and stored on ice at 4°C until used. The purity of each preparation was determined via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and protein concentrations were measured spectrophotometrically using a NanoDrop ND-1000 device (NanoDrop Technologies, Wilmington, DE). Endotoxin concentrations were determined using the Limulus Amoebocyte Lysate (LAL) assay (Lonza, Walkersville, MD), and preparations with concentrations <5 EU/mg were used for in vivo studies.
Turbidity reduction assays
Turbidity reduction assays modified from Donovan et al. (2006a) were performed and analyzed in a plate reader as described previously . Frozen S. dysgalactiae NRRL B-65273 substrate cells were produced as described by Becker et al. (2009) , by growing the bacteria in TSB to OD 600nm =0.7, harvesting, washing and resuspending them in 1/60 culture volume of 10 mM Tris, 150 mM NaCl, 25 % glycerol, pH 7.5, and freezing aliquots at −80°C. For the assay, 100 μl of thawed and diluted substrate cells were added to each well of a 96-well dish containing 100 μl of enzyme in the desired buffer so that the initial OD 600nm was 1.0, and the OD 600nm was measured at 20 s intervals for 20 min. The steepest slopes of the resulting lysis curves correspond to the lytic activities (ΔOD 600nm min
). A control (no enzyme) value was subtracted from each experimental value. All results represent the average of at least three independent experiments.
To determine the influence of NaCl concentration on endolysin lytic activity, assays were performed in 10 mM Tris buffers at pH 7.5 with varying NaCl concentrations (0 mM, 50 mM, 100 mM, 150 mM, 200 mM, 300 mM, and 500 mM). The enzyme concentrations used were 25 μg/ml for λSA2 and 100 μg/ml for B30. Enzymatic activities were expressed as relative lytic activities, normalized to the maximum activity for each enzyme. The optimum pH for lytic activity was determined accordingly, by using a series of different buffers with pH values ranging from 3.5 to 10.0. Citrate buffers were used for pH 3.5, 4.5, 5.5, and 6.0, MOPS buffers for pH 6.5, 7.0, and 7.5, Tris buffers for pH 8.0 and 9.0, and carbonate/ bicarbonate buffer for pH 10.0. The concentration of the buffering agent in all buffers used was 20 mM, and the NaCl concentration was 100 mM. For investigating the influence of divalent metal cations, assays were performed in 10 mM Tris, 100 mM NaCl, pH 7.5 with varying concentrations of MgCl 2 , MnCl 2 , or CaCl 2 (0 mM, 0.1 mM, 1 mM, and 10 mM). Activities were normalized to the activity without metal ions.
Plate lysis assays
Plate lysis assays were performed as described previously by spreading a lawn of mid-log phase (OD 600nm =0.4-0.6) cells of S. dysgalactiae NRRL B-65273, S. agalactiae NRRL B-65272, or S. uberis NRRL B-65274 on tryptic soy agar (TSA) plates, air-drying the plates for 15 min in a laminar flow hood, and then spotting 10 μl of buffer (10 mM Tris, 150 mM NaCl, pH 7.5) containing the desired amount of purified protein onto the lawn. Controls were included by spotting 10 μl of buffer alone. After airdrying, plates were incubated at 37°C overnight, and cleared spots were scored within 20 h of plating the cells. For determination of the minimum inhibitory amount (MIA) (Schmelcher et al. 2012b ), a twofold dilution series of the protein was spotted. Assays were performed at least in triplicate.
Determination of synergy
Checkerboard assays in a plate lysis format as previously described (Schmelcher et al. 2012b) were performed for determination of synergy between the λSA2 and B30 lysins. In brief, linear or twofold dilution series of both proteins were mixed in two dimensions in a 96-well dish, and the mixtures were spotted onto a lawn of S. dysgalactiae NRRL B-65273 on gridded (6×6 squares) TSA plate as described above. Plates were evaluated by densitometry using the software Alpha Imager (Alpha Innotech, San Leandro, CA) as previously described (Schmelcher et al. 2012b ). For each lysis zone along the inhibitory line on the plate, the sum of the fractional inhibitory amounts (FIAs) of both proteins (∑FIA = FIA A + FIA B ) was calculated. An isobologram was created as described by Loeffler and Fischetti (2003) from the results of four experiments.
Determination of lytic activity in milk
Activity in milk was tested as described by Obeso et al. (2008) . Commercial whole-fat Ultra High Temperature sterilized (UHT) milk (Parmalat) at 37°C was spiked with exponentially growing (OD 600nm =0.4-0.6) cells of S. dysgalactiae NRRL B-65273, S. agalactiae NRRL B-65272, or S. uberis NRRL B-65274 at a concentration of 1×10 3 or 5×10 6 cfu/ml. Immediately after inoculation, purified enzyme was added at concentrations between 1 and 200 μg/ml in the same volume of buffer and the milk was incubated at 37°C without shaking for 3 h. Samples were taken immediately before and immediately after addition of enzyme, as well as 1, 2, and 3 h after inoculation, and the number of CFUs was determined by serial dilution plating on TSA plates in triplicate. A sample with storage buffer added instead of enzyme served as a control. The absence of CFUs in non-inoculated milk was verified by direct plating on TSA plates.
Mouse model of Streptococcus-induced bovine mastitis
To evaluate the efficacy of purified endolysins applied individually or in combination against three different streptococcal species in a mouse model of bovine mastitis, female C57BL6/SJL mice were challenged intramammarily with S. agalactiae NRRL B-65272, S. dysgalactiae NRRL B-65273, or S. uberis NRRL B-65274, followed by intramammary infusions of proteins or buffer as control essentially as described earlier (Schmelcher et al. 2012b ). In brief, mammary glands of experimental dams between days 7 and 15 of lactation were depleted from milk by allowing pups to nurse for 1 h. Animals were anesthesized by IP injection of Avertin (375 μg/g body weight), and glands R3, R4, L3, L4 were infused with 10 2 CFU of exponential phase bacteria in 50 μl of 0.4 % Trypan Blue solution (Sigma, St. Louis, MO). Proteins in 50 μl of buffer (50 mM NaH 2 PO 4 , 150 mM NaCl, 1 % glycerol, pH 7.5, supplemented with 1 mM CaCl 2 ), or buffer alone as control were infused into inoculated glands in a randomized fashion 45 min post inoculation. Concentrations used were 25 μg/gland for λSA2, 250 μg/gland for B30, and 12.5 (λSA2) + 125 (B30) μg/gland for the combination treatment. Following enzyme administration, the teats were sealed with Vetbond surgical glue (3 M Animal Care Products, St. Paul, MN) to prevent leakage and cross-contamination between animals. 24 h after bacterial challenge, mice were euthanized, mammary glands dissected, weighed, homogenized in phosphate-buffered saline (100 mg/mL) using a Polytron (Kinematica, Lucerne, Switzerland), and serial dilution plated on TSA to determine intramammary bacterial concentrations. Aliquots of homogenized glands were centrifuged (15,800×g, 15 min, 5°C), and 50 μl of the supernatants used for determination of TNF-α concentrations using the Quantikine Mouse TNF-α/TNFSF1A Immunoassay (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions.
Statistical analysis
For the mouse experiments with S. agalactiae, S. dysgalactiae, and S. uberis, the variables wet weight, Log 10 CFU and TNF-α were analyzed as one-factor repeated measures models using PROC MIXED (SAS Institute, Cary, NC) with treatment as the factor and mouse ID as the repeated factor. The assumptions of the model were checked. One probable outlier for S. agalactiae, one for S. dysgalactiae, and two probable outliers for S. uberis were excluded from the analysis. To model the within mouse correlation, the best fitting variancecovariance structure was used for each variable-streptococci combination. These were wet weight: compound symmetric (S. agalactiae, S. dysgalactiae) and unstructured (S. uberis); Log 10 CFU: unstructured (S. agalactiae, S. dysgalactiae) and compound symmetric (S. uberis); TNF-α: compound symmetric heterogeneous (S. agalactiae) and unstructured (S. dysgalactiae, S. uberis). When the F test was statistically significant, means comparisons were done with Sidak adjusted p values to hold the experiment-wise error at 0.05.
Results λSA2 and B30 endolysins show near-optimum activity at physico-chemical conditions present in cow milk
The C-terminally 6×His-tagged versions of the λSA2 and B30 lysins ( Fig. 1) were produced in E. coli and isolated at >95 % purity, as published previously from this lab Donovan et al. 2006b ). Depending on the preparation, protein concentrations ranging from 1.1 to 2.2 mg/mL for λSA2 and 10.3 mg/mL to 22.8 mg/mL for B30 were obtained (data not shown). When purified proteins were spotted on freshly plated lawns of S. dysgalactiae or S. uberis, 0.12 to 0.26 μg of λSA2 were sufficient to produce visible zones of lysis in the lawns, whereas approximately tenfold more of B30 was required. The S. agalactiae strain tested was considerably less susceptible to both lysins in this assay (Table 1) .
In view of their potential antimicrobial application in a milk environment against mastitis-causing streptococci, both lysins were biochemically characterized in this study, investigating the influence of salt concentration, pH, and certain metal cations on their activity against streptococci (S. dysgalactiae). The ionic strength in bovine milk has been reported to be around 80 mM; the physiological pH of milk ranges from 6.5 to 6.7 and can be >7 in mastitic cows; and the concentration of free Ca 2+ , which is the most abundant divalent metal cation in cow milk, is ∼3 mM (Blowey and Edmondson 2010; Donovan et al. 2006c; Gaucheron 2005; Webb et al. 1974 ). Under the conditions tested, both the λSA2 and B30 lysins displayed their highest activity at NaCl concentrations between 100 and 150 mM and retained ∼77 % and ∼44 % of their optimum activity, respectively, when the salt concentration was reduced to 50 mM (Fig. 2a) . λSA2 displayed its pH optimum between pH 7.0 and 7.5, and its activity was reduced to ∼76 % at pH 6.5. B30 showed a more pronounced pH optimum at pH 6.5, with ∼66 % residual activity at pH 6.0 and pH 7.0 (Fig. 2b) . Regarding the effect of metal ions, Ca 2+ was slightly inhibitory for λSA2 (∼52 % residual activity at a concentration of 10 mM; Fig. 2c ), whereas it enhanced the activity of B30 ∼ 1.5-fold and more than 2-fold at concentrations of 1 mM and 10 mM, respectively (Fig. 2d) . Mn 2+ was shown to greatly inhibit lytic activity of both lysins at a concentration of 10 mM, and also 10 mM Mg 2+ slightly reduced the activity of λSA2 to ∼72 %. However, the effects of Mg
2+
and Mn 2+ at physiologically relevant concentrations (0.81 mM and 0.36-0.91 μM, respectively) (Gaucheron 2005; Lonnerdal et al. 1981 ) are likely negligible.
The λSA2 and B30 lysins act synergistically against streptococci in vitro
The finding that the enzymatically active domains of the λSA2 and B30 endolysins attack different bonds within the streptococcal peptidoglycan gives rise to the possibility that these enzymes act synergistically against their target bacteria when applied in combination. When linear concentration series of λSA2 and B30 and combinations of both were spotted on a lawn of S. dysgalactiae on a gridded tryptic soy agar plate, the concave line connecting spots with reduced or inhibited growth (lysis zones) on the plate resembled a curve characteristic for a synergistic effect in the checkerboard assay (Loeffler and Fischetti 2003) (Fig. 3a) , as opposed to a diagonal line produced by a strictly additive effect, as previously demonstrated (Schmelcher et al. 2012b) . In order to quantify the synergistic effect, checkerboard plates with 2-fold serial dilutions of both proteins were scored by densitometry. The calculated ∑FIA from four independent experiments was 0.42 ±0.09, suggesting strong synergy (Schmelcher et al. 2012b ). The enzyme concentrations along the inhibitory lines of the checkerboard plates were transcribed into an isobologram, which revealed a curve characteristic for synergy (Fig. 3b) .
The λSA2 and B30 lysins kill streptococcal species in whole milk Activity of λSA2 and B30 lysins against streptococci in sterile homogenized whole milk was evaluated by adding different concentrations of the purified enzymes to milk at 37°C inoculated with ∼10 3 cfu/ml of exponentially growing S. dysgalactiae, S. agalactiae, or S. uberis cells. In the case of S. dysgalactiae, also a higher inoculation level (∼5×10 6 ) was tested. Addition of enzyme to milk spiked with S. dysgalactiae resulted in immediate decrease in cell numbers in a concentration-dependent manner (Fig. 4a, b) . Consistent with previously determined MIAs (Table 1) , the B30 lysin had a considerably weaker effect than λSA2 in this assay. While 100 μg/ml of λSA2 reduced bacterial concentrations (inoculum 10 3 cfu/ml) by more than 3.5 log units compared to the buffer control within 3 h, the difference was only 2.5 log units for B30 (Fig. 4a) . When the same B30 concentration was used against a higher inoculum, only a ∼0.5 log decrease was achieved, whereas 200 μg/ml was required for a reduction of ∼2 log units. In contrast, the efficacy of λSA2 against high inocula was similar to that against lower bacterial concentrations (e.g., >3 log reduction by 50 μg/ml; Fig. 4b ). S. agalactiae appeared less susceptible to the action of both Table 1 ). With 100 μg/ml λSA2 added to milk inoculated with ∼10 3 cfu/ml of S. agalactiae, cell counts remained ∼2 logs below those in the no enzyme control after 3 h, whereas 100 μg/ml B30 resulted in a reduction of less than 0.5 log (Fig. 4c) . In the case of S. uberis, 100 μg/ml λSA2 caused a decrease in bacteria from initially ∼10 3 cfu/ml to undetectable after 2 h, and no more cells were detected until the end of the experiment. For B30, 100 μg/ml caused a reduction of more than 1.5 log units compared to the control after 3 h (Fig. 4d) . It is important to note that in many of the experiments, bacteria resumed growth towards the end of the assay after an initial drop in cell numbers.
The λSA2 and B30 lysins reduce streptococcal concentrations and inflammation in infected murine mammary glands
To further elucidate the potential of the λSA2 and B30 lysins as therapeutics against Streptococcus-induced bovine mastitis, their efficacy at reducing intramammary bacterial numbers and their effect on inflammatory indicators in a mouse model of bovine mastitis were determined. Female C57BL6/SJL mice intramammarily infected with bacteria from either of the three species S. dysgalactiae, S. agalactiae, and S. uberis (10 2 CFU/gland) were treated by infusing λSA2 (25 μg/ gland), B30 (250 μg/gland), or a mixture of both enzymes Fig. 2 Biochemical characterization of λSA2 and B30 lysins by turbidity reduction assays. All assays were performed with log phase S. dysgalactiae and depict relative lytic activity (for explanation see text). a Effect of NaCl concentration on lytic activity of λSA2 (filled square) and B30 (empty circle). The tenfold higher concentration of B30 compared to λSA2 used in these experiments was chosen based on the previously observed lower activity of B30 in plate lysis and milk assays (see Tab. 1, Fig. 4 ). For analysis of intramammary bacterial numbers and indicators of inflammation (gland wet weight and TNFα concentrations), mice were euthanized 24 h after infection and mammary glands dissected (only glands that had been successfully infused, as visualized by trypan blue penetration, were used). For all three streptococcal species, bacterial concentrations in the mammary glands were significantly reduced (P<0.05) by treatment with the individual enzymes (Tables 2, 3 , 4), with the exception of B30 used against S. dysgalactiae, where no difference compared to the buffer control was observed (Table 2 ). This finding was unexpected, as B30 had been shown to be most effective against the same strain in vitro in both plate lysis and milk experiments (see Table 1 , Fig. 4 ). In contrast, both λSA2 and B30 showed surprisingly high efficacy against S. agalactiae (reduction in CFU/mg by 2 and 4.5 log units, respectively; Table 3 ), even though the tested strain had been demonstrated to be clearly less susceptible in vitro to the action of both enzymes than the S. dysgalactiae and S. uberis strains. Overall, reduction in CFU/mg by individual enzyme applications compared to the buffer control ranged from 1.5 logs (λSA2 vs. S. uberis, Table 4 ) to 4.5 logs (B30 vs. S. agalactiae, Table 3 ). Another unexpected finding was that the synergistic effect demonstrated in vitro for the combination of the two endolysins did not Fig. 4 Effect of λSA2 and B30 lysins on cell survival of streptococcal species at different inoculation levels in UHT whole milk at 37°C. a S. dysgalactiae with 1 μg/ml (filled circle), 10 μg/ml (filled upright triangle), and 100 μg/ml (filled square) of λSA2, or 20 μg/ml (empty circle), 60 μg/ml (empty upright triangle), and 100 μg/ml (empty square) of B30, or buffer as control (ex symbol). b S. dysgalactiae with 2 μg/ml (filled circle), 12.5 μg/ml (filled upright triangle), and 50 μg/ml (filled square) of λSA2, or 100 μg/ml (empty upright triangle) and 200 μg/ml (empty square) of B30, or buffer as control (ex symbol). c S. agalactiae with 100 μg/ml of λSA2 (filled square) or B30 (empty square) or buffer as control (ex symbol). d S. uberis with 100 μg/ml of λSA2 (filled square) or B30 (empty square) or buffer as control (ex symbol a Enzyme concentrations used for the treatment were 25 μg/gland for λSA2, 250 μg/gland for B30, and 12.5 μg/ gland (λSA2) + 125 μg/gland (B30) for the combination treatment b Means and standard errors are shown. Values followed by different letters are significantly different (P<0.05). The number of glands used for each treatment in the analysis is given in parentheses hold true for the mouse model experiments. For all three species, the reduction in bacterial numbers caused by the combined application of enzymes was between or lower than those caused by the individual endolysin treatments (Tables 2, 3, 4) . Overall, the results obtained for mammary gland wet weights and intramammary TNFα concentrations were consistent with the observed reduction in bacterial numbers. For all species and enzyme treatments, the mean values for the gland wet weights were lower than those of the respective buffer controls, suggesting lower inflammation levels due to decreased edema formation (Wall et al. 2009 ), even though statistical significance at the 0.05 level could be demonstrated only for λSA2 vs. S. uberis, λSA2 vs. S. agalactiae, and B30 vs. S. agalactiae. A similar trend was shown for mean concentrations of the inflammatory cytokine TNFα, which were lower for all enzyme treatments compared to those of the controls (statistical significance was demonstrated for λSA2 vs. S. dysgalactiae and B30 vs. S. uberis; Tables 2, 3, 4).
Discussion
Although streptococcal species currently show higher susceptibility to antibiotic mastitis therapy than S. aureus (Notebaert and Meyer 2006) , antibiotic resistance among streptococcal mastitis isolates has been reported (Gao et al. 2012) . Furthermore, the effect of conventional broad-range antibiotics on commensal bacteria and the added risk they create for resistant strain development among both pathogenic and commensal populations make the isolation and characterization of novel antimicrobials that are refractory to resistance formation highly desirable. In view of a potential application as anti-mastitis agents, in this work the streptococcal phage λSA2 and B30 endolysins were compared for their biochemical properties and demonstrated to be active in cow milk and in murine mammary glands against representative strains from the three most relevant mastitis-causing streptococcal species. To our knowledge, this study represents the first time that efficacy of phage endolysins against Streptococcus-induced mastitis has been demonstrated. Both endolysins used here have previously been partially characterized in vitro, and their activity against multiple streptococcal species and strains has been demonstrated (Donovan et al. 2006a; Donovan and FosterFrey 2008; Pritchard et al. 2004 ). It should be pointed out that the B30 lysin exhibited considerably weaker activity than λSA2 against all three species used in this study when applied at similar concentrations. Therefore, the vastly higher concentrations required of this enzyme to achieve effects comparable to those of λSA2 bring into question its suitability for practical application as an anti-mastitis agent. Various previous studies have used the mouse model of bovine mastitis for investigating Streptococcus-induced mammary gland infections and the efficacy of different agents for preventing or treating them (Anderson and Craven 1984; Chandler 1970a; Demon et al. 2013; Rowson et al. 2011) , even though the body of literature dealing with streptococcal infections is still relatively small compared to the multitude of publications available on mouse models of S. aureus-induced bovine mastitis (reviewed in Brouillette and Malouin 2005) . Similar parameters reported in previous studies (with both The number of glands used for each treatment in the analysis is given in parentheses streptococcal and staphylococcal species) were also applied in this work, such as the number of bacteria used as inoculum (∼10 2 CFU per gland) (Chandler 1970b; Demon et al. 2013; Rowson et al. 2011) . Similar to what has been reported for S. aureus infections (Brouillette and Malouin 2005; Schmelcher et al. 2012b) , also in Streptococcus-induced mastitis, the level of infection is largely independent of the bacterial concentration of the inoculum, and maximal infection with bacterial numbers larger than 10 8 CFU per gland can be reached even with relatively low-concentrated inocula (Chandler 1970a) . This is consistent with our finding that for all three species, bacterial numbers in the buffer controls exceeded 10 5 CFU/mg (corresponding to > 10 8 CFU/gland) at 24 h after infection (see Tables 2 , 3, 4) . Even though mice infected with streptococci tend to show fewer clinical signs compared to S. aureus-infected animals at comparable bacterial loads (Chandler 1970a ) (an observation also made in this study compared to our previous work with S. aureus (Schmelcher et al. 2012b) ), the consequences of bacterial infection at the mammary gland level have been described to be very similar between these two genera, as evident by enlargement of glands, accumulation of cellular debris, and tissue infiltration with neutrophils and lymphoid cells (Chandler 1970a) . Given these similarities, it is encouraging that the λSA2 endolysin showed similar efficacy against streptococcal infections (∼2 log reduction) as the strong peptidoglycan hydrolase antimicrobial lysostaphin (Schindler and Schuhardt 1964; Wall et al. 2005 ) against S. aureus in a similar model and at identical concentrations (25 μg/gland) (Schmelcher et al. 2012b) .
In view of the results of the checkerboard assay with the λSA2 and B30 lysins (Fig. 3) and the previously demonstrated synergy of staphylococcal peptidoglycan hydrolases against S. aureus both in vitro (in a similar assay) and in vivo (Schmelcher et al. 2012b) , it was unexpected that no synergistic effect was observed between the two streptococcal lysins in the mouse model in this study. The ∑FIA of 0.42 obtained for the λSA2 and B30 lysins in vitro corresponds well with ∑FIC and ∑FIA values reported previously for other peptidoglycan hydrolases (Becker et al. 2008; Loeffler and Fischetti 2003; Schmelcher et al. 2012b ) and indicates a strong synergistic effect, which was not surprising given the different peptidoglycan cleavage sites of the two enzymes ( Fig. 1) (Pritchard et al. 2004 (Pritchard et al. , 2007 . In general, such synergistic interactions can be explained by increased destructive effects on the threedimensional peptidoglycan network when multiple unique bonds are attacked simultaneously, or by enhanced access to the cleavage site of one enzyme as a consequence of the catalytic action of the other (Loeffler and Fischetti 2003; Schmelcher et al. 2012b) . However, it is not new that different methodologies can lead to vastly different results when analyzing interactions between two antimicrobial compounds (Lewis et al. 2002; Odds 2003) , which might explain the seemingly contradictory results of this study, and underlines the necessity of using more than one method when characterizing such interactions. Nevertheless, the finding that synergy between the λSA2 and B30 lysins cannot be observed in a mastitis treatment situation does not necessarily preclude the possibility of capitalizing on the positive interaction of these two enzymes for other applications.
Similarly, the observation that in vitro activities of antimicrobials do not always correlate with their efficacy inside the mammary gland has been reported previously by several groups (Apparao et al. 2009; Demon et al. 2012 Demon et al. , 2013 Pyörälä 2009 ). Multiple factors influenced by the complex environment inside a mammary gland, such as altered growth characteristics of the pathogens, interaction of bacteria and host immune cells, and pharmacokinetic parameters of the drug, are known to affect the efficacy of antimicrobials administered intramammarily (Demon et al. 2013) . Both the results of the aforementioned studies and the findings of our work (e.g., the inefficacy of the B30 lysin against S. dysgalactiae in vivo despite activity against this strain in several in vitro/ex vivo assays; the unexpectedly high efficacy of both lysins against S. agalactiae in vivo despite low susceptibility of the same strain in vitro; and the absence of synergy in vivo) corroborate the importance of in vivo experiments for evaluating the therapeutic potential of new antimastitis drugs.
Nevertheless, ex vivo cow milk assays can provide valuable information in addition to in vivo studies in the mouse, since the compositions of mouse and cow milk are not identical. Even though anti-mastitis therapy is frequently carried out on dried-off or milk-depleted udders, residual milk components may still interfere with enzymatic activity (Schmelcher et al. 2012b ). The results of both in vivo and ex vivo experiments taken together may allow a more sophisticated evaluation of the potential of an antimicrobial as antimastitis therapeutic than either of them alone. The high activity of the λSA2 lysin in cow milk (as opposed to B30, whose activity had previously been shown to be reduced by half or more even in the presence of whey (Donovan et al. 2006a )) corroborates its potential for application in cows. It should be noted, however, that heat-treated, homogenized milk was used in this study in order to enhance reproducibility and avoid the potentially complex background flora present in raw milk. The activity of the lysins may be different in raw milk, since heat-treatment is known to affect the interaction of bacterial cells with certain milk components (Kuang et al. 2009; O'Flaherty et al. 2005) . Despite a several-log reduction of bacterial numbers in milk by addition of λSA2, subsequent resumption of bacterial growth was observed during the course of most of the milk experiments (Fig. 4) . Since a 3 h experiment is most likely too short for outgrowth of an endolysin-resistant subpopulation of streptococci, the most plausible explanation for this effect is rapid inactivation or reduction in availability of the endolysins within the complex environment of whole milk during the time period of the assay. Binding to milk components has been shown or suggested for both bacteriophage particles and endolysins (Celia et al. 2008; Donovan et al. 2006a; O'Flaherty et al. 2005) , and this may also explain why relatively high enzyme concentrations are required in milk compared to buffer for effective reduction of bacterial concentrations. Possible solutions for this problem include administration of a single high dose in order to reduce the bacterial load to concentrations low enough to be controlled by the cow's immune system; or repeated application of the enzyme.
Besides therapy of bovine mastitis, streptococcal phage endolysins may find various other applications in the fields of medicine and biotechnology (Fischetti 2005; Schmelcher et al. 2012a) , and the comparative biochemical characterization performed in this study with the λSA2 and B30 lysins may provide valuable preliminary information for further research. The results obtained here are in good agreement with previously published data Pritchard et al. 2004) , with the exception of the pHdependence of λSA2 activity. In the earlier study (performed in a different buffer and with S. agalactiae instead of S. dysgalactiae), λSA2 had maintained its activity across a broad pH range (pH 5.5-9.5) , whereas in this work we saw optimum activity at pH 7-7.5, with considerably lower activity at pH 5.5 (<20 %), 9 (<40 %), and 10 (<10 %) (Fig. 2b) . These differences may be explained not only by effects of the buffer on the enzyme itself, but parameters such as pH or ionic strength might also change conformation of bacterial surface molecules in a species-specific manner, thereby increasing or restricting access of the lytic protein to its cell wall binding domain ligand and/or its cut site in the peptidoglycan.
Overall, the results of this work suggest that bacteriophage endolysins hold promise as a novel class of antimicrobials for intramammary therapy of Streptococcus-induced mastitis in cows. It should be pointed out that mouse models and ex vivo experiments in cow milk cannot replace studies in cows. However, as previously discussed (Demon et al. 2012; Schmelcher et al. 2012b) , they provide valuable intermediate data and help predict the efficacy of novel antimicrobials in the target species. In this regard, the λSA2 endolysin characterized here may be a promising candidate for experiments in cows.
